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Systematic measurements on the edge turbulence and turbulent transport have been made by Langmuir
probe arrays on TEXTOR under various static Dynamic Ergodic Divertor (DED) configurations. Common
features are observed. With the DED, in the ergodic zone the local turbulent flux reverses sign from
radially outwards to inwards. The turbulence properties are profoundly modified by energy redistribution
in frequency spectra and suppression of large scale eddies. The fluctuation poloidal phase velocity changes
direction from electron to ion diamagnetic drift, consistent with the observed reversal of the Er  B flow.
In the laminar region, the turbulence is found to react to an observed reduced flow shear.
DOI: 10.1103/PhysRevLett.97.165003 PACS numbers: 52.55.Fa, 52.25.Fi, 52.35.Ra, 52.35.Vd
One of the present challenges in the fusion reactor
operation is the control of the edge plasma parameters.
Results on the tokamaks TEXT [1], Tore Supra [2], DIII-D
[3], and TEXTOR [4] have demonstrated that an ergodized
magnetic boundary can be effective to optimize the
plasma-wall interaction. Meanwhile, the local effects of
the magnetic ergodization on edge turbulence and turbu-
lent cross-field transport have also been studied both ex-
perimentally [1,5,6] and theoretically [7,8]. It has been
observed on TEXT [1] and Tore Supra [2,5,6] that in the
ergodic divertor (ED) configuration the edge density fluc-
tuations are decreased whereas the turbulent cross-field
diffusivity is less affected. However, a systematic inves-
tigation of the turbulence properties, such as frequency and
wave-number spectra and the fluctuation propagations, has
not been made or was done for a reduced set of wave-
number values [5]. A distinct description in the ergodic and
laminar zones was also not given.
Recently, on the tokamak TEXTOR the Dynamic
Ergodic Divertor (DED) [4] has been installed at the
high-field side of the torus (R=a  1:75=0:47 m), contrary
to other machines where the ED coils were mounted at the
low-field side [1–3]. The DED consists of 16 perturbation
coils oriented parallel to the field lines on the magnetic flux
surface with a safety factor q  3. With different current
distributions in the coils, the base poloidal/toroidal modes,
m=n, can be adjusted as 12=4, 6=2, and 3=1. The penetra-
tion depth into the plasma depends on m: In 12=4 the
influence is restricted to the plasma boundary, while in
3=1 it can reach much deeper. In the outer plasma layer,
DED induces stochastization of the magnetic field lines,
including an ergodic zone with long and a laminar zone
with short connection lengths to the wall [9]. In this Letter,
we present the first systematic measurements by Langmuir
probe arrays on the edge turbulence properties and
fluctuation-driven transport in the presence of various
static DED configurations (dc current on the coils).
To get effective impacts of the DED at the plasma
boundary, the discharge conditions have been optimized
as follows: For m=n  12=4, Ip  250 kA, BT  1:4 T,
R=a  1:73=0:46 m, dc DED current IDED  12 kA; for
6=2, Ip  270 kA, BT  1:9 T, R=a  1:73=0:46 m,
IDED  6 kA; and for 3=1, Ip  250 kA, BT  1:9 T,
R=a  1:75=0:48 m, IDED  1 kA. The IDED is applied
during the stationary phase of the Ohmic discharge. In all
cases, no external tearing modes are excited, the line-
averaged plasma density is 1:5–2:0  1019 m3, and
the global confinement is not affected. To measure the
edge plasma parameters and their fluctuations, two
Langmuir probe arrays were installed at the outer midplane
(low-field side) at two different toroidal locations. One
array is stationary while the other is fast reciprocating.
The probe measurements cover both the ergodic and the
laminar zones. The results from the two probe systems are
quite similar, independent of the toroidal locations. The
turbulence properties also display similarity for the differ-
ent DED scenarios.
In this study, the local electron temperature Te, density
ne, and floating potential f were measured by a triple
probe [10] assembled in each of the probe systems. The
radial electric field Er is derived from the plasma potential
p  f  2:5Te [11]. The turbulent particle flux fl is
computed from the fluctuating density (~ne) and poloidal
electric field ( ~E) by fl  h~ne ~Ei=B, where h  i de-
notes an ensemble average. Here, ~ne is estimated in the
usual way from the ion saturation current fluctuations ~Is
detected by the triple probe and ~E is estimated from two
poloidally spaced measurements of floating potential fluc-
tuations ~f. The fluctuation data were sampled at 500 kHz.
Using the standard two-point cross-correlation technique
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[12], the poloidal (radial) fluctuation spectra Sk; f,
power-averaged dispersion relation kf, and k spectrum
width were obtained by analyzing the fluctuation data
collected on two poloidally (radially) separated probe pins.
Figure 1 shows the typical radial dependence of the edge
equilibrium parameters before (black curves) and during
(red or gray curves) the static DED phases measured in
m=n  6=2 DED by the fast reciprocating probe. In the
figure, the vertical solid line denotes the limiter position.
The dashed line roughly separates the ergodic zone (EZ,
left side) and the laminar zone (LZ, right side), the dis-
tinction being made by the connection length of field lines,
Lc, which is about 3–4 poloidal turns at the position of the
dashed line as predicted by the calculations [9]. As such,
the Lc in the EZ is longer than the Kolmogorov length,
whereas in the LZ it is shorter. The Chirikov parameter is
larger than 1 in the EZ. From Fig. 1(a), we can see that with
DED the local electron temperature Te is strongly reduced
in the LZ and in the scrape-off layer defined by the limiter.
Inside EZ, the change in Te is much less pronounced.
Similar reduction of Te in the ED configuration was also
observed in Tore Supra [2]. Figure 1(b) shows that the
plasma density increases and decreases, respectively, in-
side and outside the limiter position during the DED. The
local pressure Pe neTe gradient is hence slightly en-
hanced across the perturbation region, as seen in Fig. 1(c).
During DED, the edge floating potential f is always
increased to zero or positive from the negative values
before DED, leading to a change of the Er sign from
negative to positive in most of the LZ and EZ area [see
Fig. 1(d)]. The Er  B shear rate is, however, reduced by
the DED at all measured radial locations. Similar changes
in Er were observed earlier on TEXT [13] and recently on
TEXTOR by other diagnostics [14]. A possible explana-
tion is that with ED the electrons move faster than massive
ions along the field lines to the wall so that a positive Er
must be created to restore the ambipolarity. Theory [15–
17] predicts that the negative neoclassical ambipolar elec-
tric field will be reduced when the radial conductivity
associated with the magnetic field stochasticty st becomes
of the order of the neoclassical conductivity neo. The first
of these is given by st 	 Okb2r, where k is the
Spitzer-Harm conductivity, of order 106, and br is the ratio
of the perturbed to the main magnetic field. In TEXTOR,
neo is measured by biasing [18] and reaches under the
present conditions about 103 1 m1. The here applied
DED perturbation brO104 is therefore more than ade-
quate to bring about the observed Er changes. To illustrate
the impact of the static DED on edge fluctuations and
turbulent transport, Fig. 2 displays time traces of IDED,
fluctuation power of ~ne and ~E, and the ensemble-averaged
turbulent flux hfli, measured in m=n  12=4 DED by a
stationary probe array located inside the ergodic layer.
Figures 2(a)–2(c) indicate that during DED the fluctuation
amplitudes in ~E are reduced considerably while for ~ne the
modification is small. In Fig. 2(d), it is interesting to see
that with DED the hfli changes remarkably and even
FIG. 1 (color online). Radial profiles of the edge plasma
parameters before (black curves) and during (red or gray curves)
the static DED measured by fast reciprocating Langmuir probe
arrays in an m=n  6=2 DED discharge on TEXTOR
(No. 99626). (a) Electron temperature; (b) plasma density;
(c) electron pressure; (d) radial electric field. The vertical solid
line indicates the limiter position (a 	 45:7 cm). The vertical
dashed line roughly separates the ergodic (left side) and the
laminar (right side) zones.
No.
FIG. 2. Time traces of (a) DED currents in coil 1 (thick line)
and coil 5 (thin line); (b) power of density fluctuations; (c) power
of ~E fluctuations; and (d) ensemble-average of fluctuation-
driven particle flux, hfli, measured by a stationary triple probe
in the ergodic region (r 	 43 cm) of m=n  12=4 static DED.
The dotted lines denote the start time of DED.
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reverses sign from radially outwards (>0) to inwards
(<0), on account of a change in the phase shift between
~ne and ~E. The inward flux during DED is consistent with
the slight increase of the local pressure gradient in the
stochastic region [see Fig. 1(c)]. Plotted in Figs. 3(a) and
3(b) are the radial profiles of hfli measured by the fast
probes in the 6=2 and 3=1 static DED. It is noted that
before DED (crosses), hfli in either case exhibits a reduc-
tion inside the limiter location, which might be attributed
to the local decorrelation role of the sheared Er [see
Fig. 1(d)], as observed earlier in other machines [19]. In
Fig. 3, we can clearly see that with DED the hfli both
change direction in the ergodic region. The prevailing Er 
B flow velocity, VEB  Er=B, can be inferred from
Fig. 1(d) and apparently the local flow shear modifications
cannot account for the observed flux changes. As the global
confinement is not affected, a compensation of outflux
should arise either from the fluctuation-driven flux at other
locations or from the ergodic particle transport across the
stochastic layer [2].
Further analysis of the frequency power spectrum, Sf,
of ~ne, ~f, and ~E indicate that in the Ohmic discharge
before DED there exist coherent modes in all fluctuating
fields at the plasma edge with peaks at about 10 and
50 kHz, as shown by black curves in Fig. 4(a) for density
fluctuations. During the static DED, the modes are all
destroyed in the ergodic region and the shape of Sf
becomes exponential (see red or gray curves). These results
suggest that the magnetic ergodization causes an energy
redistribution process of turbulence at different frequency
components. Such effects are less evident in the laminar
zone. In Fig. 4(b), the poloidal wave-number spectra,
Sk, of potential fluctuations before (in black) and during
(in red or gray) the DED are plotted. Here, k > 0 ( < 0) is
in the electron (ion) diamagnetic drift direction, !
;e (!
;i).
Several features can be seen: (i) before DED the Sk is
power weighted in the !
;e direction; (ii) with DED the
fluctuation power in the range 1< k < 5 cm1 is
largely reduced, while for k <1:3 cm1 the power is
slightly increased, implying a change in the propagation of
fluctuations from !
;e to !
;i direction; (iii) the normalized
Sk drawn in the inset is flattened during DED, indicating
a broadening of the k spectrum and thus a reduction of
turbulence correlation length; (iv) the strong reduction of
Sk at small k reveals the suppression of large structure
turbulence by DED, as observed earlier [5]. The influence
of DED on turbulent eddies can be further seen from the
radial (poloidal) correlation length, lcrlc, which is de-
fined as the inverse of the krk spectrum width detected
by two radially (poloidally) separated probes [12]. Shown
in Fig. 5 are the radial profiles of lcr and lc measured
before (circles) and during (triangles) the 6=2 DED. With
DED, both lcr and lc are reduced in the EZ, suggesting a
destruction of turbulence eddies by the magnetic ergodiza-
tion. In contrast, lcr and lc are both enhanced in the LZ. On
account of the much weaker stochastization there, the
turbulence appears only to react to the observed reduction
of Er  B flow shear rate in that region [see Fig. 1(d)].
The fluctuation poloidal phase velocity, Vph, is calcu-




Sk; f. Figure 6
shows the radial dependence of Vph before and during the
6=2 static DED together with the Er  B velocity, VEB. It
can be seen that either before or during DED, Vph (sym-
bols) is in good agreement with VEB (curves) in both the
rotation direction and magnitude. With DED, the reversal
of Er in the EZ/LZ area induces a change of Vph from the
!
;e to !
;i direction. The edge plasma polodial rotation is
FIG. 3. Radial profiles of fluctuation-driven particle flux hfli
measured by a fast reciprocating triple probe array before
(crosses) and during (open circles) the static (a) m=n  6=2
and (b) m=n  3=1 DED phases. The radial locations are
normalized by a. The vertical dashed line separates the ergodic
(left side) and laminar (right side) zones.
FIG. 4 (color online). (a) Linear plot of the frequency spec-
trum Sf of density fluctuations; (b) semilog plot of the poloidal
wave-number spectrum Sk of potential fluctuations measured
in the ergodic zone (r  42:6 cm) before (black curves) and
during (red or gray curves) the static m=n  6=2 DED. The inset
in (a) shows the log-log plot of Sf and in (b) the linear plot of
Sk normalized by the total values before and during the DED.
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thus dominated by the Er  B flow in both the Ohmic and
the static DED period.
In conclusion, we report the first systematic measure-
ments of the edge turbulence properties and of the turbu-
lent flux under various static DED configurations on
TEXTOR. Common features are observed, which unravel
a controlling role by magnetic chaos on the edge turbu-
lence in some intricate ways. In the ergodic zone, the local
turbulent particle flux reverses direction from radially out-
wards to inwards, which causes a steepening of the local
pressure gradient but does not affect the global confine-
ment. The turbulence itself is profoundly modified: energy
redistribution occurs in frequency spectra, large scale tur-
bulent eddies are suppressed, and the radial and poloidal
correlation lengths decrease. In the same zone, the fluctua-
tion poloidal phase velocity alters direction from electron
to ion diamagnetic drift, consistent with the observed
reversal of the Er  B flow. In the immediate vicinity of
the plasma edge where without the DED the customary
flow shear enhancement around the last closed flux surface
occurs, a laminar zone is created where the magnetic
ergodization is no longer efficient and the turbulence is
found to react to an observed reduced flow shear. The
experimental results thus have significant implications for
the understanding of electrostatic turbulence and the asso-
ciated transport in the presence of magnetic ergodization.
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FIG. 6. Radial profiles of the poloidal phase velocity of fluc-
tuations, Vph (symbols), and the Er  B drift velocity, VEB
(curves), before and during the static m=n  6=2 DED. The !
;i
(!
;e) denotes the ion (electron) diamagnetic drift direction.
FIG. 5. Radial profiles of (a) the radial and (b) poloidal corre-
lation lengths measured before (solid circles) and during (open
triangles) the static m=n  6=2 DED. The vertical solid line
indicates the limiter position and the dashed line separates the
ergodic (left side) and laminar (right side) zones.
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